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As part of the Idaho Transportation department's GARVEE program, the 1-84 
bridge structure at the New York Canal in Boise , Idaho , was widened in 2009. During 
the 2009 irrigation season , oscillation patterns were noticed at the bridge structure which 
resulted in erosion damage to the banks of the canal. After ITD consulted with Horrocks 
Engineers , a contract was established with the Utah Water Research Laboratory at Utah 
State University to construct a Froude scale model of the structure. The purpose of the 
model was to determine the cause of the oscillations , and develop an effective method to 
eliminate them . The model produced oscillations that were in Froude similitude with the 
structure in Boise , Idaho . The cause of these oscillations was not fully understood at the 
time this report was written , but various aspects of the canal system and bridge structure 
were determined to be contributing to the oscillations . The construction and analysis of 
the model resulted in the implementation of a nose cone on various columns in the bridge 
structure to disrupt the oscillations and stop the erosion from occurring. Construction of 
the new design will begin in December, 20 I 0, and should be completed before the start of 
the 2011 irrigation season . Further investigations into the oscillation phenomenon are 
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INTRODUCTION 
As part of the Idaho Transportation department's (ITD) GAR VEE program, 
portions of the 1-84 freeway in the Boise, Idaho area are currently being improved. 
Design and construction were recently completed on a Bridge structure over the New 
York Canal (NYC) just east of the Orchard Interchange. Previous to this expansion there 
were 28 columns in two rows , aligned in the direction of flow supporting the east- and 
west- bound bridges. The cana l is a trapezoidal earthen channel with asphalt lining on 
the north side as shown in Figure I. 
Figure 1: Bridg e Structure before construction looking upstream , (picture courtesy 
of lTD) 
Construction of the most recent impro vements to the bridge were completed in 
early 2009 , which consisted of an additional 32 cylindrical columns of a larger diameter 
than the original columns , and a concrete lining of the canal under the bridge structure as 
shown in Figures 2 and 3. All 60 columns supporting the overpass are driven H-piles that 
were encased in concrete. Because the columns are driven piles they are not perfectly 
aligned from upstream to downstream , but they are within plus or minus I inch. 
Additionally , 1-84 does not cross the New York Canal at a 90 degree angle; this means 
that the two rows of columns are offset. The bridge crosses the canal at an ang le of 
approximately 77 degrees as shown in Figure 4. 
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Figure 2: Downstream end of bridge structure after construction, (picture courtesy 
of Horrocks Engineers) 





• • • • • • • 
Figure 4: Bridge alignment 
Plus or Minus 1 
Inch of Aligned 
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Water for the NYC is diverted from Arrow Rock Reservoir, which is 
approximate ly 11 miles upstream of the 1-84 bridge structure. Control stations are set up 
at various location s along the canal , where gauging and diversion occurs. The closest 
gauging station is approximately ½ mile upstream of the bridge structure. This station 
was used to provide a stage-discharge relationship for the flow at the bridge location . 
Flow at the bridge structure can range from approximately 450 to 2,500 cfs , although the 
highest flows seen at the bridge structure have not exceeded 2,400 cfs. It should be noted 
that there are a few irrigation tum-outs between the gauging station and the bridge 
structure , therefore the flows at the gauging station may be slightly higher than at the 
bridge structure. 
It was observed during the 2009 irrigation season that erosion was occurring in 
the earthen banks of the canal upstream and downstream of the concrete lined portion 
under the l-84 Bridge , and also near the bridge abutment of the Wright Street Bridge 
(Figures 5, and 6) . It was also observed that this erosion was caused by oscillations of 
the water in the canal. The erosion damage to the banks of the canal was cause for 
concern due to its location and intensity. The pockets produced by erosion were filled 
with riprap as a temporary solution until investigations could be concluded to determine a 
solution to control the erosion problem . 
Figure 5: Wright Street Bridge looking downstream, after riprap was added to 
eroded areas, (picture courtesy of Horrocks Engineers) 
Figure 6: Wright street bridge abutment showing an exposed driven pile support, 
(picture courtesy of ITD) 
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OSCILLATIONS 
The canal was closely monitored through much of the 2009 irrigation season to 
note wave oscillation patterns and their degree of intensity . The oscillations were found 
to cycle between a maximum and minimum height at a frequency of approximately one 
cycle every 6 to 6.5 seconds. The wave patterns consisted of both transverse and 
longitudinal components, and appeared to have some correlation between depth of flow 
and wave amplitude. In a lateral cross-section view of the canal, the waves formed a 
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hump in the middle and a depression at the outside edges. After the water height reached 
a maximum in the center of the cross-section, cross flow would occur and move laterally 
between the columns towards the edges of the canal. Half a cycle later , water depth 
would reach a maximum at the outside edges and a depression in the middle , then cross 
flow would occur and move laterally back toward the center of the cross-section as 
shown in Figure 7. In a longitudinal cross-section view, the waves appeared to follow a 
sine wave, moving upstream and downstream of the bridge sec tion (Figure 8). 
Stage 1 Stage 2 




Figure 8: Exaggerated longitudinal profile view of the water surface during 
oscillation 
It wa s also observed that vortex sheddin g was occurring at the mo st upstream 
column on the North side of the canal. [twa s noted that as water flowed around the 
column , vortices would form on one side of the column , then switch to the other side at 
very close to the same frequency of the wave oscillations. In addition, it was found that 
an earthen intrusion on the southern upstream bank of the canal was creating a 
disturbance so that the flow approaching the bridge structure was not uniform. lnitially , 
it was assumed that the non-uniformity in the approach flow was a major contributor to 




The engineers at lTD and Horrocks had not seen or heard of this type of 
oscillation occurring in other structures, so their first efforts were to look for literature on 
the type of oscillations observed in the canal. The only literature found that discussed a 
similar phenomenon was a report produced by the United States Bureau of Reclamation 
in 1967 (USBR). The report gives details of a structure in Central Valley California 
where a bridge crosses the Delta Mendota Canal at an oblique angle . The bridge is 
supported with two rows of pier s in the flow area of the canal, similar to the NYC. 
Oscillations were produced by the bridge structure, and when the canal was at capacity, 
freeboard in the canal was not sufficient to stop overtopping. A l :24 Froude Scale model 
of the Delta Mendota Canal and bridge structure were constructed and tested by the 
USBR, where it was found that the best so lution was to "fill in" the gaps between bridge 
piers to produce two so lid pier walls . This report concluded that it was not understood 
what was causing the oscillation phenomenon . However , the report states that the model 
was not designed to determine the cause of the oscillations in the canal , only to produce a 
solution to reduce or eliminate them . 
Since no literature was found describing a cause for the oscillations observed in 
the NYC , it was determined that the best solution to discover a permanent solution to the 
erosion problem , and attempt to understand the phenomenon was to construct a physical 
model of the canal and bridge structure. After ITO consulted with Horrocks Engineers , a 
contract was established with the Utah Water Research Laboratory (UWRL) at Utah State 
University to construct and test a 1 :9 sca le model of the structure (Figure 9) based on 
Froude simil itude as described by Finnemore and Franzini (2002) . A smaller model with 
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a I: 12 scale was initially proposed, but it was decided that a larger model of the 1-84 road 
crossing and bridge columns would better simulate the flow vortices produced by the 
bridge columns and the wave oscillation phenomena of the prototype. Furthermore, the 
fluid properties of specific weight, density, viscosity, and surface tension could not be 
scaled to model dimensions, and constructing the largest model possible would reduce 
the effects caused by this lack of scaling. 
Figure 9: The 1 :9 Froude scale model at the UWRL looking downstream 
All the model dimensions reported in this paper have been scaled to prototype 
dimensions by Froude scaling. This thesis was written in conjunction with the final 
model study project report (Boise Final Report) submitted to Horrocks Engineers. 
OBJECTIVES 
The purpose of the physical model was to accomplish three objectives. The first 
objective was to reproduce and document the nature of the wave oscillations at the NYC 
in the model. Great care was taken during the design and construction to minimize 
differences between the model and the prototype , by ensuring that the model was 
dimensionally similar to the NYC. 
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The second modeling objective was to determine what was driving the 
oscillations , and determine which part or part s of the structure were producing the 
oscillation phenomenon. The model was constructed with the intent to remove the 
canal's upstream earthen intrusion because it was initially assumed that this intrusion was 
the cause of the oscillations . The bridge piers were also constructed in such a way that 
they could be removed to simulate both the pre-con struction and post-con struction pier 
configurations . 
The third modeling objective was to determine an effective solution to control the 
osci llations in order to stop the erosion . The solution needed to eliminate the oscillations , 
be cost-effective, introduce minimal head loss , and not al low moss or debris build-up to 
occur. 
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MODEL DESIGN AND CONSTRUCTION 
The physical model of the New York Canal bridge structure (in post-construction 
conditions) was constructed in the hydraulics lab of the Uta h Water Research Laboratory 
at Utah State University during the summer of 20 I 0. The model extents (Figure 10) 
consisted of 430 feet of channel (Figure 11) upstream of the 1-84 Bridge to 230 feet of the 
channel (Figure 12) downstream of the 1-84 Bridge . It also included the concrete-lined 
section , 60 bridge piers , pier caps (Figure 13), Wright Street Bridge pier , and irrigation 
turnout s (Figure 12). Th e bridge decks of the I-84 and Wright Street Bridges were not 
modeled to facilitate access to the flow area under the bridge decks. 
Figure 10: Overview of the extents of the model, (picture courtesy of Google Earth) 
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Figure 11: Upstream approach canal of the physical model 
Figure 12: Downstream end of canal with the Wright Street Bridge and irrigation 
turnout 
Figure 13: Center portion of the physical model with 60 bridge piers, pier caps, and 
an irrigation turnout 
The model was constructed with fixed channel inverts and banks. The 
topography of the upstream and downstream channels was formed with transverse cross-
12 
sectional templates (Figure 14), and a fixed mortar surface. The channel inverts for the 
model were constructed with ¾-inch gravel which was lightly cemented to prevent 
movement (F igure 15) . The grave l size was selected based on Froude sim ilitud e and 
from field measurements of the prototype. The concrete and aspha lt portions of the 
channel were constructed of plywood with a wooden frame for support , then sea led and 
painted to prevent deterioration and water seepage through the walls of the model (Figure 
16) . 
Figure 14: Physical model under construction showing cross-section templates 
Figure 15: Physical model showing gravel being cemented 
Figure 16: Physical model under construction with the plywood being painted 
Included in the model were 28 columns (24.29-inch diameter) of the original 
bridge crossings and an additional 32 columns (28 . 17-inch diameter) for the widened 
bridge portion of 1-84. Each of the model columns were constructed of smooth PVC 
cylinders machined to the correct diameter. The Wright Street Bridge crossing center 
pier was constructed of a solid piece of HOPE . 
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To facilitate the collection of water surface data , 11 piezometric taps were placed 
in the floor of the model. One tap was located upstream of the bridge section , one was 
located downstream of the bridge section , and 9 others were located at various locations 
in the bridge section (Figure 17). 
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Figure 17: Piezometric tap #6 in the floor of the model 
Because the flow regime in the New York Canal is sub-critica l (downstream 
contro l), stop logs (Figure 18) were used at the downstream end of the mod el to contro l 
the channel stage or flow depth. 
Figure 18: Downstream stop logs in the physical model 
Flow into the model was controlled by valves in the supp ly piping to the model. 
A calibrated venturi flow meter in the supply piping was used to measure the flow 
entering the model , and regular checks were made to ensure water leaks in the model 
were minimal. Surface skimmers were installed to dampen surface waves created by 
inflow at the entrance of the model. 
A ll dimensions for the model were based on the CAD drawing 3664 1-SURV-





After the completion of construction, the model was tested at flows ranging 
between 800 and 3,000 cfs from July 16th to November 1st, 2010. The model was first 
run on July 16th 2010, and no oscillations were observed. Several variations of depth and 
flow were tested, turning vanes were used upstream and downstream to change approach 
and departure angles of the water in the model, and various other temporary 
modifications were made to the model, but no oscillations were produced. On July 20th 
2010 , with minimal modifications, the model was allowed to remain running and 
undisturbed for an extended period of time. Osei! lation patterns developed with 
increasing magnitude over the course of approximately 90 minutes , reaching amplitudes 
of 7 inches (these values are scaled to prototype dimensions). The oscillations produced 
by the physical model were remarkably similar to those observed in the prototype. This 
reproduction of the oscillations completed the first objective of the model. 
After the model produced wave oscillations for the first time, it was determined 
that the model should be tested to establish the range of flows and depths where 
oscillations would occur in the model. Six flow rates were chosen (1,000 , 1,400 , 1,800 , 
2,200 , 2,600 , and 3,000 cfs) to be tested at nine depths each , ranging from 4 .5 to I 0.5 
feet. Changing the depth of each flow rate was accomplished by adjusting the tail water 
depths. The various depths changed the velocity through the structure, and allowed for a 
comparison of channel velocity to wave amplitude. [twas observed that the oscillations 
occurred at the range of hydraulic conditions from 1,000 to 3,000 cfs at varying depths, 
and the frequency of the oscillations produced were approximately 6.5 seconds per cycle. 
Only minimal data were collected for the first set of runs due to the large number of runs 
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(54) needed to determine which flows and depths were relevant and which were not. It 
was noticed that if the velocities were too high , the oscillations would be washed out, and 
if the velocities were too low, the oscillations were never established. 
After the model was tested to determine the range of flows and depths where 
oscillations occurred , it was determined that a second set of runs should be conducted to 
collect additional data (velocity and water surface measurements). The model was tested 
at 5 different depths correlating to specific stage-discharge conditions in the NYC. It was 
thought that there may be a relationship between velocity and wave amplitude. 
Therefore, each of the 5 depths were tested with flows that matched the stage discharge , 
flows slightly higher than the stage discharge , and flows slightly lower than the stage 
discharge. This produced 3 separate velocities for each depth tested . These 3 variations 
of each depth were used to determine the model's sensi tivity to velocity, and to determine 
any correlation between velocity and wave amplitude. These data were also used to 
analyze the oscillations produced in the model, and then compare them to the prototype 
to verify similarity . It was observed that the greatest wave amplitudes were usually 
produced when the velocities were closest to those measured in the prototype . However , 
some variations of higher velocity produced slightly greater wave amplitudes, although 
the variations in velocity and wave amplitude were slight. These differences could be 
attributed to the fact that irrigation turnouts between the bridge structure and the gauging 
station in the NYC create a difference in the flow rate observed at the gauging station, 
and the actual flow rate at the bridge structure. 
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Model Oscillations 
The oscillations produced in the model followed the same pattern , moving both 
laterally (side to side) and longitudinally (upstream and downstream), as observed in the 
prototype (Figures 7 and 8). The maximum wave oscillations in the model occurred from 
1,700 to 2,400 cfs with the vertical amplitude of the wave oscillations scaling 9 inches in 
comparison to 12 inches in the prototype . The frequency of the oscillations in the model 
scaled to approximately the same frequency (6.5 seconds) of the oscillations observed in 
the prototype . 
In order for the oscillations in the model to occur, the flow had to be set and kept 
constant for a minimum period of 60 to 90 scaled minutes. During this time period , 
waves would form approximately halfway between the most upstream columns and the 
most downstream columns , then grow in magnitude and propagate upstream and 
downstream of the bridge sec tion in the canal. It was observed that the wave oscillations 
only occurred at uniform and steady flows ; furthermore , any introduction of turbulence or 
surface disturbance would dampen or eliminate the oscillations . lt was concluded that a 
possible solution to eliminate the oscillations would be to introduce turbulence in the 
canal. 
The vortex shedding that was observed in the prototype was also observed in the 
model. With the use of a dye wand, it was observed that each column in the model 
produced vortex shedding, and not just the northern most upstream column. As the 
oscillations began to estab lish, the vortex shedding of each column appeared to 
harmonize , creating a vortex train , whereby each column would shed its individual vortex 
in unison with the rest of the columns . This led to the hypothesis that vortex shedding 
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may be causing the formation of wave oscillations in the canal. It was not determined 
whether the vortex shedd ing was driving the oscillations, or the osci llations were driving 
the vortex shedding, since the model produced vortex shedding even when there were no 
wave osci llations occurring. 
It was also observed in the model that wave oscillations could be produced at 
lower flow depths than in the prototype. These wave oscillations were sma ll in 
amplitude, and were loca lized under the bridge section. At the larger flow depths , the 
wave oscillations had the greatest amplitude and appeared to generate from 
approximate ly the same location of the bridge section as the oscillations occuring at the 
lower flow rates . 
It was a lso observed in the model that sma ll constant-height waves slowly moved 
longitudinally upstream from the bridge structure. These same waves were seen in the 
prototype (Figure 19). 
Figure 19: Small constant height waves in the prototype canal at the upstream end 
of the bridge structure 
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OSCILLATION CAUSES 
It was not possible to accomplish the second objective of this model study; to 
determine what was causing the oscillations, and determine which part or parts of the 
structure were producing the oscillation phenomenon . However, the model study was 
able to eliminate several possible causes for the oscillations. It was determined that the 
upstream and downstream channel alignments were not the cause of the wave oscillation 
phenomenon . Additionally, it was determined that the Wright Street Bridge and the 
irrigation turnouts (upstream and downstream of the I-84 Bridge) did not contribute to the 
wave oscillations. Finally , it was determined that all 60 bridge columns needed to be in 
place, and for the approach flow to have minimal disturbance for the oscillations to occur. 
Initially in the project , there was concern that the model did not include enough 
upstream canal length to produce the correct approach conditions to the I-84 Bridge. 
There is a bend in the canal upstream of the bridge crossing , and there is also a bank 
encroachment on the south side that pushes more flow to the right side (looking 
downstream) of the 1-84 Bridge . The model did not include the upstream channel bend , 
but it did include the left side encroachment (Figure 20). To test the effects of the 
upstream bend and the left encroachment , the model study tested several scenarios of 
approach flow conditions using turning vanes to direct the flow to either side of the 1-84 
Bridge . It was determined that turning vanes were not needed to simulate the prototype 
wave oscillations, and therefore the conclusion was made that the canal bend and the left 
bank encroachment do not contribute to the cause of the wave oscillations. Turning 
vanes used downstream of the Wright Street Bridge demonstrated that the downstream 
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geometry and the pier of the Wright Street Bridge also did not generate or affect the wave 
osc illations. 
The model also found that any disturbance to the flow in the upstream approach 
cana l reduced the generation of wave osci llations. This applied to distortions in the 
approach water surface as well. With this finding, it can be assumed that surface 
disturbances in the prototype approach flow such as from wind waves , might then reduce 
or increase the amp litud e of the wave oscillations. Unfortunately, the model did not 
include the ability to eva luate the effect of wind-produced waves on the oscillation 
phenomenon , nor on the column modifications used to eliminate wave oscillations. This 
indicated that the prototype might not experience wave oscillations if the canal flow were 
unsteady . 
Figure 20: Left side encroachment in the physical model looking downstream 
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The model was also tested with the irrigation turnouts (upstream and downstream 
of the 1-84 Bridge) covered. It was found that removing the irrigation turnouts from the 
model had no effect on wave oscillations or their formation. 
Before 1-84 was widened to 60 columns , the wave oscillation problem was not 
observed. As part of the study , the model was operated with the additional 32 bridge 
columns, which were constructed as part of the widening process , removed (Figure 21 ). 
It was found that the original 28 bridge columns produced two distinct and separate 
oscillations, but their amplitude was negligible. Before 1-84 was widened, the channel 
beneath the bridge was unlined; it was not possible , however , to remove the channel 
lining when the model was tested with only the original 28 bridge columns. 
Figure 21: Physical model with bridge expansion columns removed 
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MODIFICATION TESTING AND ANALYSIS 
After all the data were analyzed ( even though the cause of the oscillations was 
still unclear), it was determined that the next step in the study would be to attempt to 
eliminate the oscillations. Eight different modifications were developed as proposed 
solutions to eliminate the oscillations. Due to time constraints, the eight modifications 
were narrowed down to four that would be tested in the model. It was understood that if 
these four modifications did not produce satisfactory results, other solutions would then 
be tested . 
The four modifications tested were: (# 1) full closure to form a solid wall , with the 
spaces between the bridge columns filled to form two single longitudinal piers or walls 
along the length of the canal , (#2) alternating closures , whereby the space was filled-in 
for alternating sets of columns , i.e. between the first and second column , a gap between 
the second and third column , the space filled between the third and fourth column , etc; 
(#3) column tails , a vertical wall added to the downstream face of the columns , and (#4) 
column nose cones , a vertical nose in the shape of a 90-degree arrow added to the 










• • ♦ • 
• • • ♦ 
Modification #4 
Nose Cones 
Figure 22: Drawings of each of the four modifications tested in the model 
• 
Modification # 1 was derived from the USBR report that was reviewed when the 
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oscillation phenomenon was initially discovered. Modification #2 and #3 were proposed 
because of their ease of ability to construct , and no other significance or reason . These 
first three proposed modifications were designed to eliminating the oscillations by 
stopping , or reducing the cross flow between the bridge columns. During initial testing , 
it was discovered that turbulence introduced to the flow in the canal could eliminate the 
oscillations. It was therefore concluded that a fourth proposed modification should be 
designed to eliminate the oscillations by increasing turbulence in the canal. It was 
decided that Modification #4 best fit the requirements for the fourth modification to be 
tested. 
Variations of each modification were also tested. Modification #1 of full closure 
or a single pier wall was tested with varying heights; full height, 3/4 height, 1/2 height 
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(Figure 23) , and 1/4 height. Modification # 2 was on ly tested at fu ll height. Modification 
#3 (tai l lengt hs equa l to one co lumn diameter) was tested with tails attac hed to every 
co lumn and wi th tails attached to every other column . Modification #4 had three 
different configurat ions of spacing for the vertica l nose cones. The three configurations 
tested were with a vertica l nose cone added to the front of every 51'\ 6th (Figure 24) , and 
?1h column . 
Figure 23: Full closur e wall at half height 
Figure 24: Nose cone modification being tested with nose cones on every 6th column 
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Each modification was evaluated for wave oscillation , vortex shedding , head loss, 
change in flow capacity, and an increase in upstream channel stage or depth. An increase 
in depth indicates an increase in head loss, and a reduction in channel capacity. Each 
modification was tested at three different flow settings that were previously determined to 
produce the greatest wave amplitudes . These three flows were 1,700, 2,000 , and 2,400 
cfs with corresponding depths . 
Modification # I (full closure) with a full height wall eliminated oscillations , and 
prevented vortex formation from single piers. It also reduced head loss which slightly 
increased capacity by lowering the flow depth below the bridge as well as lowering the 
upstream canal depth . This decrease in energy loss is due to the elimination of energy 
losses caused by vortices and vortex trains. The 3/4, I /2, and I /4 wall heights performed 
as well as a full height wall when the depth of water wa s below the top of the wall. 
When the depth of water exceeded the height of the wall. limited vortex shedding 
occurred but did not necessarily result in wave oscillations. Oscillations were noted 
howe ver with the 1/4 wall heights , but only at larger depth s when the wall closed off only 
a small portion of the total depth . 
Modification s #2 ( every other closure) did not increase head loss through the 
system, however , it do not reduce the wave oscillation phenomena. Instabilities were 
allowed to form and lateral cross-flow developed from the unequal flow depths . 
Modification #3 (column tails) eliminated oscillations, prevented vortex train formation 
by decreasing the lateral flow area between columns , and did not increase head loss 
through the system , when tails were attached to every column. However , when tails were 
attached to every other column, oscillations were observed. The plan was to test the 
column tails on every 3rd or 4th column , but since wave oscillations were produced with 
tails on every other column , it was decided not to test any other configurations of the 
column tails. 
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Modification #4 (column nose cone) eliminated wave oscillations , prevented the 
formation of the vortex trains by deflecting flow away from the piers, and did not 
increase the depth of flow in the channel. With the use of a dye wand it was observed 
that a dead zone was established behind the nose cones , where little flow occurred, for a 
distance greater than the spacing of the columns. 
None of the four modifications reduced either canal or bridge flow capacity. 
Table I in the appendix gives a summary of the test results for the four modifications 
tested . 
Although the exact mechanism that causes the wave oscillations is still not 
known , it is known that the column tails (on every column) , and nose cones prevent wave 
oscillation from occurring (possibly by preventing the growth of a vortex train) in the 
model. It is also known that the full closure (modification # I) prevented vortex shedding 
of each column , as well as preventing wave oscillation . 
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FINAL DESIGN 
The final design modification (Figure 25) was a set of nose cones attached to 
columns; # 1, #4, #7, # 11, # 16, #2 1, and #26 (Figure 26). The nose cones in the final 
design were slightly different in dimension from those tested in Modification #4. This 
difference in design was in order to facilitate construction and installation of the nose 
cones. The design nose cones are the pre-cast option shown in the drawings of Figure 27. 
The design of the nose cones, and the spacing, was decided upon by Horrocks Engineers 
and representatives from ITO after visiting the lab to observe the model. 
Figure 25: Final design modification 
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Figure 27: Drawings of the nose cone modification for final design, smaller column 
design on left, larger column design on right, (drawings provided by Horrocks 
Engineers) 
The model was tested to compare the modified condition (with nose cones 
attached) to an unmodified condition by removing or adding the nose cones without 
changing the flow or downstream stop-log (weir) setting in the model during each test 
run . This allowed for a direct comparison of water depth and water surface elevation to 
determine any increase or decrease in head loss due to the nose cones. To compare the 
depth at each flow rate, a point gauge or depth gauge was placed between the two most 
upstream columns. Because the flow regime in the canal was sub-critical, an increase in 
energy loss due to the nose cones would cause the upstream depth to increase. The final 
design modification was tested for a full range of hydraulic conditions (Figure 28) to 
verify that the wave oscillations had been eliminated in the model for all flow rates and 
depths , and that the wave oscillation phenomena had not merely been moved to a 
different condition. No wave oscillations were observed in the model under modified 
conditions for any of the flows from 950 to 2450 cfs, which accomplished the third 
objective of the model. 
Figure 28: Final design modification being tested in the model 
The addition of 14 nose cones to the 60 bridge columns did not measurably 
increase the hydraulic energy loss or reduce the capacity of the bridge crossing . The 
width of the nose cones was greater than the bridge columns (Figure 29) , so flow 
blockage should have been increased for the columns; however , the energy loss did not 
increase , so the flow separation and flow disturbance caused by edges of the nose cones 
must have reduced the energy loss of the columns downstream of each nose cone. The 
flow disturbance also reduced the vortex growth of each individual column. 
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Figure 29: Photo showing comparison between PVC column and final design 
modification in the model 
Tables 2, 3, and 4 in the appendix show the results of the testing for the final set 
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of runs . The unmodified conditions agree with earlier testing ; that without the nose cones 
(the existing prototype configuration) the maximum wave oscillations in the model 
occurred for hydraulic conditions of 2,066 cfs and a depth at the upstream end of the 
bridge crossing of 8.6 feet. The maximum wave oscillation in the model was 9 inches, 
and occurred approximately 135 feet downstream from the furthest upstream column. 
The frequency of the maximum wave oscillation was approximately one cycle every 6.5 
seconds. The frequency of the wave oscillation in the prototype was about one cycle 
every 6.3 to 6. 7 seconds. Tables 2-4 in the appendix show the water depths just upstream 
of the first column in the center of the channel , and the tables list the fluctuation in depth 
from minimum to maximum . 
The solutions used to eliminate the oscillations in this specific system cannot 
necessarily be used as a solution to other systems where oscillations exist. Further 
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investigations into the cause of this oscillation phenomenon were being conducted at the 
UWRL at the time this report was written. 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 
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When the model was constructed and tested, it was able to re-produce the wave 
oscillation phenomena in Froude similitude to the NYC with very good conformance. It 
was not possible in this model study to specifically define the cause for the wave 
oscillations because of the type of model built and the time constraints for the model 
study , but the model study was able to eliminate several possible causes for the 
oscillations. The oscillations were eliminated in the model with the design solution 
implemented. 
The frequencies of the oscillations in the model were approximately the same as 
the prototype . Also, the location of the wave oscillations appeared to be about the same 
in the model as in the prototype. The waves cycled in phase (symmetrically) on the right 
and left canal sides for both the model and prototype. However , the vertical amplitude of 
the waves (9 inches in the model and 12 inches in the prototype) was about 50% greater 
in the prototype than in the model. The buildup of flow volume (increase in depth) in the 
center flow passage was also larger in the prototype than in the model. This difference in 
vertical amplitude could be attributed to the model being scaled according to Froude 
similitude , and the fluid properties of specific weight , density, viscosity , and surface 
tension not being scaled. Therefore, while the nose cones of the final design modification 
prevented any measureable wave oscillation in the model , the wave oscillation in the 
prototype may not be completely eliminated because of the scaling issues with the fluid 
properties. 
Future research into this phenomenon should investigate the effects of various 
aspects of the canal on the oscillations, such as the channel shape (trapezoidal versus 
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rectangular), alignment of the columns in the cross section (oblique angles and 
perpendicular), and the spacing between each column. Lnvestigations to determine the 
strength of the vortex shedding produced by each column, and by a vortex train would 
help determine the ability of vortex shedding to accelerate the water in the canal laterally. 
This may be accomplished with the use of computational fluid dynamic software. 
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APPENDIX 
Table 1: Summar y of data for the four modifications tested 
Mod if icaiton #1 Mod if ication #2 Mod ificat ion #3 Mod ificat ion #4 
Full Closure Every Other Column Tail Nose Cone 
Evaluat ion Full he ight 3/4 he ight 1/ 2 he ight 1/ 4 height Closed Every column Every other 5th 6th 7th 
Wave Oscillat ion none none none sli ght bad none bad none none none 
Vortex Shedding none yes yes yes yes yes yes yes yes yes 
Head Loss decreased decreased no change no change no change no change no change no change no change no change 
Tabl e 2: Test data collect ed for the final design modification 
2450 cfs 2300 cfs 2150 cfs 2000 cfs Higher Ve locity 2000 cfs 
Unmod if ied Mod ified Unmod if ied Mod ified Unmodif ied 
Flow (cfs ) 2448 2448 2306 2306 2156 
Maximum 9.71 9.35 9.01 
Depth Gauge Reading (ft) Average 9.64 9.66 9.27 9.26 8.91 
Minimum 9.58 9.19 8.81 
Oscillation {seconds/cycle ) 6.375 none 6.384 none 6.396 
Vertical Wave Near Edge ( in) 4.5 none 3.375 none 6.75 
Vertica l Wave at Depth Gauge (in) 1.62 none 1.944 none 2.376 
Wall Wave Height { in) 6.75 none 6.75 none 11.25 
Location of Max Wave (ft downstream from datum)** 135 N/A 180 135 
(ft U/s of datum )** 180 /A max U/s * N/A 180 
Wave extents 
(ft D/s of datum )** max D/s * max D/s * max D/s * 
Upstrea m Tap 2799.3 2799.4 2798.95 2199 2798.5 
Pressure tap read ings Dow nstream Tap 2799.2 2799.25 2798.9 2798.9 2798.4 
(Water Surface Elevat ion Taps 1,2,3 2799.35 2799.4 2799 2799 2798.6 
ft) Taps4 ,5,6 2799.3 2799.35 2798.95 2798.95 2798.5 
Taps 7,8,9 2799.25 2799.3 2798.9 2798.9 2798.45 
* max D/s is to the maximum downstream end of the mode l, max U/ s is to t he max imum upstream end of the mode l 
* *The datum is the furthest upstream column 
Mod ified Unmod i fied Modified Unmod if ied Mod ified 
2156 2066 2066 2012 2012 
8.71 8.59 
8.91 8.60 8.59 8.51 8.52 
8.48 8.44 
none 6.432 none 6.438 none 
none 7.875 none 6.75 none 
none 2.808 none 1.728 none 
none 13.5 none 11.25 none 
135 90 
N/ A max U/s* N/A max U/s* /A 
max D/s* max D/s* 
2798.5 2798.3 2798.3 2798.15 2798.2 
2798.4 2798.2 2798.2 2798.05 2798.05 
2798.55 2798.3 2798.3 2798.2 2798.2 
2798.5 2798.25 2798.25 2798.15 2798.15 
2798.45 2798.2 2798.2 2798.1 2798.1 
Table 3: Test data collected for the final design modification 
2000 cfs Lower Ve locity 1850 cfs 1700 cfs 
Unmod if ied Mod if ied unmod ifi ed Mod ified Unmod ified 
Flow (cfs} 1919 1919 1855 1855 1704 
Max im um 8.49 7.93 7.37 
Depth Gauge Reading (ft } Average 8.42 8.42 7.83 7.83 7.29 
Minimum 8.35 7.72 7. 21 
Oscill ation (seconds/cycle) 6.552 none 6.477 none 6.507 
Vert ical Wave Near Edge (in) 3.375 none 4.5 none 2.25 
Vert ical Wave at Depth Gauge (in) 1.62 none 2.484 none 1.944 
Wall Wave Height (in) 6.75 none 9 none 5.625 
Locat ion of Max Wave (ft downstream from datum )** 135 135 90 
(ft U/s of datum )** 135 / A max U/ s* /A 270 
Wave extents 
(ft D/s of datum )** max D/s * max D/ s* max D/s* 
Upstream Tap 2798.15 2798.2 2797.6 2797.6 2797.05 
Pressure tap read ings Downstream Tap 2798.05 2798.1 2797.5 2797.45 2796.9 
(Water Surface Elevat ion Taps 1,2,3 2798.2 2798.2 2797.6 2797.6 2797.1 
ft } Taps4 ,5,6 2798.1 2798.15 2797.55 2797.5 2797 
Taps 7,8,9 2798.05 2798.1 2797.5 2797.45 2796.9 
* max D/s is to he max imu m downs ream end of he model, max U/s is to the max imu m upstream end of the mode l 

































Table 4: Test data collected for the final design modification 
1400 cfs 1250 cfs llOOcfs 
unmodified Modified Unmod if ied Mod if ied Unmod if ied 
Flow (cfs) 1412 1412 1245 1245 1096 
Maximum 6.66 6.24 5.69 
Depth Gauge Reading (ft } Average 6.63 6.64 6.17 6.19 5.63 
Minimum 6.61 6.10 5.56 
Oscill at ion (seconds /cycl e) 6.552 none 6.864 none 6.861 
Vert ical Wave Near Edge (in} 0.28125 none 1.125 none 1.125 
Vert ical Wave at Depth Gauge (in} 0.648 none 1.62 none 1.512 
Wall Wave Height (in} 0.5625 none 2.25 none 2.25 
Locat ion of Max Wave (ft downstrea m from datum )** 90 45 45 
(ft U/s of da um)** 180 /A 180 / A 180 
Wave ext ents 
(ft D/s of dat um }** 360 360 360 
Upstream Tap 2796.4 2796.45 2795.85 2795.9 2795.35 
Pressure tap readings Downstream Tap 2796.3 2796.3 2795.8 2795.8 2795.25 
(Water Surface Elevat ion Taps 1,2,3 2796.4 2796.45 2795.85 2795.9 2795.35 
ft ) Taps 4,5,6 2796.35 2796.4 2795.8 2795.85 2795.35 
Taps 7,8,9 2796.3 2796.3 2795.8 2795.8 2795.3 
* max D/s is to he maximum do wnstr eam end of th e model, max U/s is t o th e maximum up stream end of th e model 
**The datum is the furthest upstream column 
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